Abstract Small heat shock proteins (sHSPs) play an important role in the cellular defense of prokaryotic and eukaryotic organisms against a variety of internal and external stressors. In this study, a cDNA clone encoding a member of the α-crystallin/sHSP family, termed AccHsp27.6, was isolated from Apis cerana cerana. The full-length cDNA is 1,014 bp in length and contains a 708-bp open reading frame encoding a protein of 236 amino acids with a calculated molecular weight of 27.6 kDa and an isoelectric point of 7.53. Seven putative heat shock elements and three NF-κB binding sites were present in the 5′-flanking region, suggesting a possible function in immunity. A semi-quantitative RT-PCR analysis indicated that AccHsp27.6 was expressed in all tested tissues and at different developmental stages. Furthermore, expression of the AccHsp27.6 transcript was induced by exposure to heat shock, H 2 O 2 , a number of different chemicals (including SO 2 , formaldehyde, alcohol, acetone, chloroform, and the pesticides phoxime and acetamiprid), and the microbes Staphylococcus aureus and Micrococcus luteus. In contrast, the mRNA expression could be repressed by CO 2 , the pesticides pyriproxyfen and cyhalothrin, and the microbes Bacillus subtilis and Pseudomonas aeruginosa. Notably, the recombinant AccHsp27.6 protein exhibited significant in vitro molecular chaperone activity and antimicrobial activity. Taken together, these results suggest that AccHsp27.6 might play an important role in the response to abiotic and biotic stresses and in immune reactions.
Introduction
Members of the heat shock protein (HSP) superfamily are ubiquitously present in most organisms. The HSPs play important roles as protein chaperones (Hendrick and Hartl 1993) and are also involved in a number of biological processes, including embryogenesis, diapause, and morphogenesis. Based on their molecular weights, HSPs have been classified into four categories, including HSP90, HSP70, HSP60, and a family of small HSPs (sHSPs) (Mizrahi et al. 2010) . The sHSPs, also called small stress proteins, range in molecular weight from approximately 15 to 43 kDa. Compared to other types of HSPs, the sHSPs exhibit the greatest variation in sequence, size, and function (de Jong et al. 1998) . However, there is a conserved domain of 80-100 residues, called the α-crystallin domain, that is bordered by variable amino-and carboxy-terminal extensions (Sun and MacRae 2005) . In the higher-order structure, the α-crystallin domain forms a conserved β-sandwich composed of two antiparallel β-sheets (Pérez-Morales et al. 2009 ). This conserved structure facilitates the assembly of the sHSPs into oligomeric complexes of up to 800 kDa, which is crucial for their primary function as molecular chaperones that bind partially denatured proteins to prevent irreversible protein aggregation during stresses, such as Zhaohua Liu and Dongmei Xi contributed equally to this paper.
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The online version of this article (doi:10.1007/s12192-012-0330-x) contains supplementary material, which is available to authorized users. extreme temperatures, oxidation, UV irradiation, heavy metals, and chemical intoxication (Reineke 2005) . The chaperone function of the sHSPs is not only involved in stress conditions but also in normal development. Indeed, these proteins are also involved in a number of biological processes, including cell growth, differentiation, apoptosis (Arrigo 1998) , membrane fluidity (Tsvetkova et al. 2002) , diapause (Gkouvitsas et al. 2008) , and lifespan (Morrow et al. 2004a ).
There have been numerous studies concerning sHSPs in bacteria, algae, plants, amphibians, birds, and mammals. The four primary sHSPs of Drosophila melanogaster, Hsp22, Hsp23, Hsp26, and Hsp27, have been studied in detail. They share significant sequence similarity and are coordinately expressed following stress, but they have distinct developmental expression patterns and intracellular localizations (Michaud et al. 2002) . Recently, a few members of the α-crystallin/sHSP family have been cloned from other insect species, including Plutella xylostella (Sonoda et al. 2006) , Mamestra brassicae (Sonoda et al. 2007 ), Ceratitis capitata (Kokolakis et al. 2008) , Sesamia nonagrioides (Gkouvitsas et al. 2008) , Liriomyza sativa (Huang et al. 2009 ), and Macrocentrus cingulum (Xu et al. 2010) .
The Chinese honeybee, Apis cerana cerana, is an important indigenous species that plays a critical role in agricultural economic development as the pollinator of flowering plants (Yang 2005) . To date, no sHSP has been identified in the Chinese honeybee. In this study, a cDNA clone, AccHsp27.6, encoding a putative sHSP gene was isolated and characterized. Our results indicate that the expression of AccHsp27.6 responds to a number of chemical and biological inducers. Moreover, a recombinant AccHsp27.6 protein exhibited significant in vitro molecular chaperone activity and antimicrobial activity. We speculate that AccHsp27.6 might play an important role in regulating biotic and abiotic stress responses and immune reactions.
Experimental procedures

Animals and treatments
The worker bees of A. cerana cerana obtained from the Technology Park of Shandong Agricultural University were reared on an artificial diet at 34°C and 80% humidity. The entire bodies of second (L2), fourth (L4), fifth (L5), and sixth (L6) instar larvae with white (Pw), pink (Pp), and dark (Pd)-eyed pupae were obtained from the hive, and the adult workers (1 and 10 day after emergence) were collected at the entrance of the hive upon their return to the colony after foraging (Bitondi et al. 2006) . The adult bees (12 day) were divided into groups (n040) and exposed to abiotic and biotic stresses. The abiotic stresses consisted of heat shock (37°C), UV-induced oxidative stress (30 mj/cm 2 ), H 2 O 2 treatment (30% H 2 O 2 was delivered in 0.5 μL of distilled water to the thoracic notum of the worker bees at a final concentration of 2 mM), and chemical stress through treatment with four different pesticides (imidacloprid, cyhalothrin, pyriproxyfen, and phoxime; the pesticides were delivered in 0.5 μL of distilled water to the thoracic notum of the worker bees at final concentrations of 10, 12.5, 20, and 20 mg/L, respectively), CO 2 , SO 2 , formaldehyde, alcohol, acetone, and chloroform (a gas generator in the incubator was used to generate the CO 2 and SO 2 , and the organic reagents were volatilized and added to the incubator containing the honeybees). The biotic stress was microbial infection. The 3-day-old larvae were maintained in a 24-well plate and inoculated with microbes (Staphylococcus aureus, Micrococcus luteus, Bacillus subtilis, and Pseudomonas aeruginosa). At 6 days after inoculation, the bees were flash-frozen in liquid nitrogen at the indicated time points and stored at −80°C.
RNA extraction, cDNA synthesis, and DNA isolation Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. To remove genomic DNA, the RNA was treated with RNase-free DNase-I. Subsequently, the cDNA was synthesized using a reverse transcription system (TransGen Biotech, Beijing, China). The genomic DNA was isolated using an EasyPure Genomic DNA Extraction Kit in accordance with the manufacturer's instructions (TransGen Biotech).
PCR primers and conditions
The primers used in this study are listed in Table 1 . The amplification conditions are shown in Table 2 .
Isolation of the AccHsp27.6 gene The internal conserved fragment was cloned by RT-PCR using the primers HP1 and HP2, which were designed based on the conserved DNA sequence among the homologous genes from Apis mellifera, Nasonia vitripennis, and Macrocentrus cingulum. Using the sequence of the internal fragment, two sets of primers, 5P2 and 5P1 and 3P2 and 3P1, were designed and synthesized for 5′ and 3′ RACE (rapid amplification of cDNA ends), respectively. Following RACE-PCR, the 5′-and 3′-end sequences and the internal fragment were assembled, and the full-length cDNA sequence was derived. Subsequently, the specific primers QP1 and QP2 were used to amplify the full-length cDNA sequence using end-to-end PCR. The genomic DNA was cloned using the primers GP1 and GP2 and genomic DNA as a template. All PCRs were performed as previously described (Wang et al. 2008 ).
Cloning of the 5′-flanking region of AccHsp27.6
The sequence of the 5′-flanking region was cloned using inverse PCR and the restriction endonuclease SspI. Genomic DNA digested with SspI at 37°C overnight and ligated using T4 DNA ligase (TaKaRa, Dalian, China) was used as the template. Based on the genomic sequence of AccHsp27.6, two pairs of primers (PS1 + PX1 and PS2 + PX2) were 6 min at 94°C, 40 s at 94°C, 40 s at 52°C, 1 min at 72°C for 35 cycles, 10 min at 72°C GP1∕GP2 6 min at 94°C, 40 s at 94°C, 40 s at 52°C, 1.5 min at 72°C for 35 cycles, 10 min at 72°C PS1∕PX1 6 min at 94°C, 50 s at 94°C, 50 s at 50°C, 2 min at 72°C for 30 cycles, 5 min at 72°C PS2∕PX2 6 min at 94°C, 50 s at 94°C, 50 s at 50°C, 2 min at 72°C for 30 cycles, 5 min at 72°C QS1/QS2 6 min at 94°C, 40 s at 94°C, 40 s at 52°C, 2 min at 72°C for 35 cycles, 10 min at 72°C RP1∕RP2 6 min at 94°C, 40 s at 94°C, 40 s at 52°C, 40 s at 72°C for 28 cycles, 5 min at 72°C β-actin-s, x 6 min at 94°C, 30 s at 94°C, 30 s at 53°C, 30 s at 72°C for 28 cycles, 5 min at 72°C EP1/EP2 6 min at 94°C, 40 s at 94°C, 40 s at 53°C, 1.5 min at 72°C for 28 cycles, 10 min at 72°C
designed to obtain the 5′-flanking region, and two specific sequencing primers (QS1 and QS2) were designed to confirm the amplified product. The PCR conditions are shown in Table 2 . The PCR products were cloned into the pMD18-T vector and sequenced. The TFBind software (http://tfbind.hgc.jp/) was used to search for transcription factor binding sites in the 5′-flanking region (Tsunoda and Takagi 1999) .
Bioinformatic and phylogenetic analyses
The NCBI bioinformatics tools (available at http://blast. ncbi.nlm.nih.gov/Blast.cgi) were used to detect conserved domains in AccHsp27.6. In addition, the DNAman software was used for the prediction of secondary structure and to search for open reading frames (ORFs). An online protein 3D structure prediction tool (http://swissmodel.expasy.org/) was also used in the structural analysis. Multiple sequence alignments were performed using the Clustal X program with its default parameters (Kokolakis et al. 2008) . Phylogenetic and molecular evolutionary analyses were performed using the neighbor-joining method with the Molecular Evolutionary Genetics Analysis (MEGA version 4.1) software.
Expression analysis using semi-quantitative RT-PCR
A pair of specific primers was designed to amplify a fragment of AccHsp27.6. The housekeeping gene β-actin (GenBank accession number: XM640276) was used to estimate equal amounts of RNA among the samples. RT-PCR of β-actin was performed using the primers RP1 and RP2 and the same conditions used to amplify the AccHsp27.6 fragment. The PCRs were repeated three times, and the electrophoresis results were normalized against the β-actin results using the Quantity-One™ image analysis software implemented in VersaDoc 4000 (BioRad, Hercules, CA, USA).
Construction of expression plasmids, recombinant protein expression, and purification
To express the recombinant AccHsp27.6 protein in BL21, a pair of specific primers (EP1 and EP2) was designed to amplify the 708-bp fragment encoding the entire ORF. The ORF sequence was cloned into pEasy-T3 and digested with the restriction endonucleases Kpn I and Hind III. After extraction and purification using the Gel Extraction Kit (Solarbio, Beijing, China), the ORF sequence was ligated into the expression vector pET-30a (+), which was digested with the same restriction endonucleases. The expression plasmid pET-30a (+)-AccHsp27.6 was then transformed into the BL21 (DE3) Escherichia coli strain. After intermediate culture and isopropyl-β-D-thiogalactopyranoside (IPTG) induction at a final concentration of 0.6 mM, the bacterial cells were harvested by centrifugation, resuspended, sonicated, and centrifuged again. The final pellet was resuspended in PBS and subjected to 15% SDS-PAGE. The AccHsp27.6 in the medium was purified using the 6XHis-Tagged Protein Purification Kit (CW Biotechnology, Beijing, China) according to the manufacturer's instructions, and the purified protein was examined by 15% SDS-PAGE. In addition, AccCPR26-6XHis fusion protein (A.
cerana cerana cuticle protein R&R 26) was purified by the same method.
Molecular chaperone activity and antimicrobial activity of the recombinant AccHsp27.6 protein
The capacity of AccHsp27.6 to suppress the thermal aggregation of the MDH (mitochondrial malate dehydrogenase) from pig heart (EC 1.1.1.37; Amresco) was examined. Three samples (A, MDH, B, MDH + AccHsp27.6, and C, MDH + BSA) were incubated at 43°C. The BSA (bovine serum albumin) was used as control to eliminate the effect of nonspecific chaperone activity. Absorbance was monitored at 360 nm at regular intervals (10 min) for 1 h (Pérez-Morales et al. 2009 ). Sterile paper disks were saturated with a solution of recombinant AccHsp27.6 protein and dried at 30°C. Separate tubes of LB broth were inoculated with overnight cultures of four bacterial strains, M. luteus, S. aureus, B. subtilis, and P. aeruginosa, to give an initial bacterial density of 10 6 cells/mL and overlaid onto agarose medium plates. The AccHsp27.6-saturated paper disks were placed on the plates and incubated at 37°C for 24 h.
Results
AccHsp27.6 cloning and sequence analysis
Based on the conserved DNA sequence of the sHSPs from A. mellifera, N. vitripennis, and M. cingulum, a fragment of Fig. 3 Amino acid sequence comparison of sHSP homologs from Apis cerana cerana, Macrocentrus cingulum, and Nasonia vitripennis. The asterisks, double dots, and single dots denote fully, strongly, and weakly conserved residues, respectively. The conserved regions are shown in gray. The α-crystallin domain is underlined. The degree of identity relative to AccHsp27.6 is shown at the end of each sequence. The secondary structure assignment of the AccHsp27.6 is shown above the sequence Fig. 2 The tertiary structure of α-crystallin domain residues 67-157 approximately 785 bp was amplified using the primers HP1 and HP2 (Fig. 1) . Specific primers were designed according to the obtained internal sequence and subsequently used for the amplification of 3′ (primers 3P1 and 3P2) and 5′-end (primers 5P1 and 5P2) cDNA, resulting in 244-and 161-bp fragments corresponding to the 3′-and 5′-end sequences, respectively. The full-length AccHsp27.6 cDNA sequence was deduced and amplified by RT-PCR using the full-length cDNA primers QP1 and QP2 and confirmed by sequencing. The full-length AccHsp27.6 cDNA (GenBank accession number GQ254650) was 1,014 bp, with a 76-bp 5′ untranslated region (UTR), a 223-bp 3′ UTR and a 708-bp ORF encoding a protein of 236 amino acids with a calculated molecular weight of 27.6 kDa and an isoelectric point of 7.53.
The NCBI Conserved Domain (CD) search revealed that the α-crystallin domain (ACD) of metazoan α-crystallin-type sHSPs was present in the deduced amino acid sequence of AccHsp27.6, suggesting that the AccHsp27.6 gene might belong to the sHSP family. The analysis of the secondary structure indicated that the helix content was 10.55%, which is a characteristic of the structure of sHSPs (Augusteyn 2004 ).
β-sheets occurred frequently throughout the structure of the protein, which is consistent with previous reports that the secondary structure of the sHSPs is rich in β-sheets (de Jong et al. 1998 ). In addition, there were only two cysteines in the entire protein sequence, which is consistent with previous data showing that cysteine residues were rarer in the sequences of molecular chaperones than in other protein families (Fu et al. 2003) . Moreover, the tertiary structure was also analyzed (Fig. 2) . The human alphaB crystallin (PDB code is 2WJ7) was the best template for homology modeling of the deduced protein. This model consisted of a single polypeptide chain of approximately 94 amino acids from residue 67 to residue 157. In the 3D structure, the conserved 188-residue α-crystallin domain was enriched in β-strands that were organized into a β-sheet sandwich. These sheets are the basic structural unit of sHSPs (Sun and MacRae 2005) and help facilitate dimer formation and the subsequent oligomerization of sHSPs.
The predicted amino acid sequence of AccHsp27.6 exhibited 43.88% and 44.07% similarity to the sHSP from M. cingulum (GenBank accession number EU624206) and Hsp21.7 from N. vitripennis (GenBank accession number Fig. 4 The nucleotide sequence and putative transcription factor binding sites of the 5′-flanking region of AccHsp27.6. The transcription and translation start sites are indicated with an arrowhead. The underlined sections indicate the putative NF-κB binding sites, and the boxes indicate the putative HSEs. The TATA-box is highlighted in light gray XP001604512), respectively. The protein sequence comparison showed that AccHsp27.6 contains two prominent conserved regions (Fig. 3) . In addition to the one including the α-crystallin domain, the region of the initial 27 amino acids in the aminoterminal section is of relatively high homology and this domain is highly hydrophobic and might be involved in modulating oligomerization, subunit dynamics, and substrate binding. sHSP oligomerization and chaperoning are influenced by the amino-terminus in several, but not all sHSPs (Sun and MacRae 2005) . Usually, the amino-terminal extension is variable in length and sequence. However, according to Kokolakis et al. (2008) , the 14-amino acid domain of Hsp27, at the very aminoterminal region of the three proteins, is very hydrophobic and shows 57% amino acid sequence identity among Drosophila, medfly, and Sarcophaga crassipalpis. And analogous hydrophobic domain is also conserved in Drosophila Hsp23 and Hsp26 but not in Drosophila Hsp22 (Southgate et al. 1983 ). The relatively higher homology of AccHsp27.6 in the aminoterminus suggests the conservation of sHSP in the structure and function.
To investigate the regulation of AccHsp27.6 expression, we cloned its 5′-flanking region and obtained a 1,376-bp DNA fragment upstream of the translation start site using inverse PCR (GenBank accession number: JF317273). The TFBIND software was used to search the transcription factor binding sites. Seven heat shock elements (HSEs) and three NF-κB binding sites were detected. In addition, a TATA-BOX, which represents the putative core promoter element upstream of the transcription start site, was found (Fig. 4) .
Phylogenetic analysis
To study the evolutionary relationships among different sHSPs from various insects, a phylogenetic tree was constructed using the MEGA (version 4.1) software, and all of the amino acid sequences used were obtained from GenBank. As shown in Fig. 5 , the sHSPs from insects of the same order were phylogenetically closer than homologous sHSPs from other insect orders. However, an orthologous cluster containing several sHSPs from different insect orders was found, Fig. 5 Phylogenetic analysis of sHSP amino acid sequences from different insect species (Diptera, Hymenoptera, and Lepidoptera). The full names of species and the accession numbers of the genes are designated by the following abbreviations: DmHsp26 (Drosophila melanogaster, NM079273), DmHsp27 (Drosophila melanogaster, NM079276), DmCG14207 (Drosophila melanogaster, NM134482), LhHsp20 (Liriomyza huidobrensis, DQ452370), LsHsp21.7 (Liriomyza sativae, DQ452372), McsHsp (Macrocentrus cingulum, EU624206), NvHsp21.7 (Nasonia vitripennis, XP001604512), NvHsp20.6 (Nasonia vitripennis, XM001607625), AccHsp27.6 (Apis cerana cerana, GQ254650), BmHsp20.1 (Bombyx mori, AB195971), BmHsp23.7 (Bombyx mori, AB195973), BmHsp20.4 (Bombyx mori, AF315318), BmHsp22.6 (Bombyx mori, FJ602788), BmHsp21.4 (Bombyx mori, AB195972), AgHsp20.9 (Anopheles gambiae, XM560153), TcHsp21.8 (Tribolium castaneum, XM968592), AmHsp25.6 (Apis mellifera, XM392405), LmHsp20.6 (Locusta miratoria, DQ355964) suggesting that these sHSPs evolved before the divergence of the species (Kokolakis et al. 2008 ).
Developmental and tissue-specific expression patterns of AccHSP27.6
To determine the developmental expression patterns of the AccHSP27.6 gene, semi-quantitative RT-PCR was employed to detect mRNA accumulations at different developmental stages and in various tissues. As shown in Fig. 6a , the expression level of AccHSP27.6 showed a gradual decrease from the second to the fifth instar larvae stages followed by a remarkable increase at the sixth stage. A similar expression pattern was observed at the pupal stage, with a rapid decline from the white to the pink-eyed pupae followed by a significant increase in the dark-eyed pupae. In newly emerged adults, the expression of AccHsp27.6 was low, and it peaked in 10-dayold adults. Analysis of the spatial expression profiles of AccHsp27.6 indicated that its transcripts were abundant in the thorax and abdomen and scarce in the head (Fig. 6b) .
Expression profiles of AccHSP27.6 in response to abiotic stress
The sHSPs are products of heat shock and other stress responses. Previous studies have reported that sHSPs provide a protective function under conditions of high temperature, oxidation, UV irradiation, and chemical intoxication. (Reineke 2005) . This idea prompts us to examine the responses of AccHSP27.6 to different environmental stressors. Twelve-dayold bees were subjected to heat shock, oxidative stress (UV and H 2 O 2 ), and exposure to a number of chemicals (pesticides, CO 2 , SO 2 , formaldehyde, alcohol, acetone, and chloroform). As shown in Fig. 7 , when treated with heat stress, AccHSP27.6 transcripts quickly accumulated to a maximum level at 2 h and then declined at 4 h. UV treatment induced only a mild increase in AccHSP27.6 expression at 4 h. Under H 2 O 2 stress conditions, an increase in the accumulation of AccHSP27.6 transcripts was detected 1 h after treatment, and the transcript levels reached a maximum at 2 h. Interestingly, the AccHSP27.6 gene exhibited different responses to the application of various pesticides. Treatments with pyriproxyfen and cyhalothrin downregulated AccHSP27.6 expression, whereas the application of phoxime and acetamiprid greatly upregulated gene expression, with maximum expression levels at 3 and 1 h, respectively. The application of other chemicals, including SO 2 , formaldehyde, alcohol, acetone, and chloroform, induced the expression of AccHSP27.6 to various degrees. In contrast, the CO 2 challenge suppressed its transcription to nearly zero.
AccHSP27.6 mRNA accumulation under biotic stress Bacterial diseases of honeybee larvae seriously affect the growth of the honeybee, the quality of the bee products, and the beekeeping industry. S. aureus, P. aeruginosa, and M. luteus are opportunistic pathogens that are widely distributed Fig. 6 Expression patterns of AccHsp27.6 at different developmental stages and in various tissues. a Expression patterns of AccHsp27.6 at different developmental stages. Total RNA was isolated from larvae (2d second instars, 4d fourth instars, 5d fifth instars, 6d sixth instars), pupae (pw white-eyed pupae, pp pink-eyed pupae, pd dark-eyed pupae), and adults (a1 1 day post-emergence adults, a10 10 day postemergence adults). The transcripts of AccHsp27.6 were detected throughout the entire development process. b Expression patterns of AccHsp27.6 in various tissues. Total RNA was extracted from the brain, thorax, and abdomen of the adult bees (12 day) at the indicated times, and semi-quantitative RT-PCR was used to examined the transcript level of AccHsp27.6 under different treatments. The β-actin gene was used as an internal control. The histograms indicate the relative expression levels. Values on the y-axis are the normalization units relative to β-actin levels. In addition, the values on the x-axis represent the lanes. The signal intensities (INT/mm 2 ) of the bands were assigned using the Quantity-One™ image analysis software implemented in VersaDoc 4000 (Bio-Rad). Each value is given as the mean (SD) of three replicates in the natural environment, and B. subtilis could stimulate the development of animal immune organs. To investigate whether Hsp27.6 is involved in the immune system, these four bacterial strains were injected into the body surface of 3-day-old larvae. Three days later, RT-PCR analysis revealed that AccHsp27.6 expression was induced by S. aureus and M. luteus and suppressed by B. subtilis and P. aeruginosa (Fig. 8) . These results suggest an important role for AccHsp27.6 in honeybee microbe resistance. Fig. 7 Expression profiles of AccHsp27.6 under abiotic stress. Total RNA was extracted from adult bees (12 day) treated at the indicated times with heat (a), UV irradiation (b), H 2 O 2 (c), and pesticides (d Pyriproxyfen, e Cyhalothrin, f Phoxime, g Acetamiprid) and hazardous chemicals (h). Semi-quantitative RT-PCR was used to examine the transcript levels of AccHsp27.6 under different treatments. FA formaldehyde, alc alcohol, acet acetone, chl chloroform. The β-actin gene was used as an internal control. The line CK indicates the control. The histograms show the relative expression levels. The values on the y-axis are the normalization units relative to β-actin levels. In addition, the values on the x-axis represent the lanes. The signal intensities (INT/mm 2 ) of the bands were assigned using the Quantity-One™ image analysis software implemented in VersaDoc 4000 (Bio-Rad). Each value is given as the mean (SD) of three replicates Expression and antimicrobial activity of a recombinant AccHsp27.6 protein The AccHsp27.6 gene was expressed in BL21 E. coli strain as a 6XHis-tagged fusion protein. After induction with IPTG at 37°C, SDS-PAGE analysis detected a band corresponding to the HSP27.6-6XHis fusion protein (Fig. 9, lane 3) . No protein induction was observed in the non-induced control (Fig. 9 , lane 2). The data indicated that the AccHsp27.6 gene was expressed, and a purified Hsp27.6-6XHis fusion protein was obtained (Fig. 9, lane 1) .
The molecular chaperone activity in vitro of the recombinant AccHsp27.6 was investigated by the malate dehydrogenase thermal aggregation assay. As shown in Fig. 10 , MDH aggregated when incubation at 43°C, which was revealed by the significant increase of the absorbance at 360 nm (Pérez-Morales et al. 2009 ). In addition, MDH aggregated faster when mixed with BSA that has no chaperone activity. However, the addition of an equivalent of AccHsp27.6 to MDH almost totally suppressed MDH aggregation (Fig. 10) . Therefore, the recombinant protein could have significant molecular chaperone activity in vitro.
We investigated the antimicrobial activity of the bioactive recombinant AccHsp27.6 protein against several bacteria using the disk diffusion method. As shown in Fig. 11 , the protein exhibited significant antimicrobial activity against S. aureus, M. luteus, B. subtilis, and P. aeruginosa. In addition, AccCPR26 purified by the same method with AccHsp27.6 was used as the control to exclude the effect of the 6XHIS tag and the toxic that accumulate during the purification steps. And as shown in Fig. 12 in enclosure, AccCPR26 had no clearly antimicrobial activity. Fig. 8 Expression profiles of AccHsp27.6 in response to microbe infection. SA Staphylococcus aureus, ML Micrococcus luteus, BS Bacillus subtilis, PA Pseudomonas aeruginosa. The 3-day-old larvae fed in the 24-well plates were inoculated with microbes and maintained until they were 6 days old. Total RNA was extracted at the indicated times, and semi-quantitative RT-PCR was used to examine the transcript levels of AccHsp27.6. The β-actin gene was used as an internal control. The line CK indicates the control. The histograms show the relative expression levels. The values on the y-axis are the normalization units relative to β-actin levels. In addition, the values on the x-axis represent the lanes. The signal intensities (INT/mm 2 ) of the bands were assigned using the Quantity-One™ image analysis software implemented in VersaDoc 4000 (Bio-Rad). Each value is given as the mean (SD) of three replicates Fig. 9 Expression in E. coli and purification of the AccHsp27.6 recombinant protein as analyzed by SDS-PAGE. Lane 1 purified AccHsp27.6 recombinant protein; lane 2 non-induced; lane 3 induced; lane M molecular mass standard Fig. 10 Molecular chaperone activity of AccHsp27.6 shown by the malate dehydrogenase thermal aggregation assay. MDH was heated at 43°C (filled diamond), mixed with AccHsp27.6 in a molar ratio 1:1 (filled square), or mixed with BSA (1:1; filled circle). Absorbance was monitored at 360 nm at regular intervals (10 min) for 1 h
Discussion
Although the molecular and biochemical characterization of sHSP genes in insects has been extensively studied, most studies are performed in model insect species, such as D. melanogaster. However, the expression of sHSPs in the Chinese honeybee (A. cerana cerana) has not been previously reported. This is the first study to investigate the existence of sHSPs in the Chinese honeybee and their possible involvement in response to abiotic and biotic stresses. The results of experiments involving the cloning, characterization, and expression of a Chinese honeybee sHSP gene suggests the possibility of an sHSP-mediated resistance against adverse environments in the honeybee.
The HSEs are DNA sequences recognized by heat shock factors (HSFs), transcription factors that are responsible for the expression of HSPs following stress. HSEs are the most critical elements in HSP gene transcription. We detected seven putative HSEs in the 5′-flanking region of AccHsp27.6. Previous studies on the Drosophila Hsp22 promoter revealed three functional HSEs that are required for the proper expression of Hsp22 following stress (Morrow et al. 2004b ). The HSE responsible for the heat-induction of the AccHsp27.6 gene has not yet been determined.
The sHSPs not only function as molecular chaperones to protect proteins from denaturation under high-temperature stress but also develop protective functions under other stress conditions, such as cold, drought, oxidation, hypertonic stress, heavy metals, and even high population densities (Li et al. 2009 ). In the present study, the expression of AccHsp27.6 in response to abiotic stress was analyzed by RT-PCR. The results showed that AccHsp27.6 could be markedly induced by heat shock and H 2 O 2 treatments as well as the application of pesticides (phoxime and acetamiprid) and several other chemicals (including SO 2 , formaldehyde, alcohol, acetone, and chloroform). However, gene expression was suppressed by CO 2 and the application of pyriproxyfen and cyhalothrin.
Interestingly, the expression of the AccHSP27.6 gene exhibited different responses to the application of various microbes. S. aureus and M. luteus upregulated AccHSP27.6 expression, whereas B. subtilis and P. aeruginosa downregulated the gene expression. These data suggest that AccHsp27.6 is related to the immune system.
Insects lack an acquired immune system, and their defense mechanisms mainly rely on innate immune responses. Extensive work over the past 10 years suggests that the HSP family might be potential activators of the innate immune system Fig. 11 Antimicrobial activity of AccHsp27.6 shown by the disk diffusion method. a Staphylococcus aureus. b Micrococcus luteus. c Bacillus subtilis. d Pseudomonas aeruginosa. 1 twofold dilution of the AccHsp27.6 protein solution; 2 fivefold dilution of the AccHsp27.6 protein solution; 3 tenfold dilution of the AccHsp27.6 protein solution; 4 positive control (kanamycin, 250 mg/ml); 5 negative control (the total protein from BL21 (DE3) E. coli, 0.5 mg/ml); 6 PBS; 7 the original concentrated solution of purified AccHsp27.6 protein (0.5 mg/ml) (Wu et al. 2011) ; however, information concerning immunity and the potential role of the sHSPs is relatively limited and has emerged only recently. An sHSP gene from shrimp, Hsp21, was downregulated during a white spot syndrome viral infection, which might be related to host cell apoptosis (Huang et al. 2008) . The genome-wide analysis of host gene expression in silkworm cells infected with Bombyx mori nucleopolyhedrovirus revealed that the expression of Hsp20.1 was decreased to approximately 50% at 2 h post-infection, which suggested that silkworm Hsp20.1 is involved in anti-BmNPV immunity at the early phase of infection (Sagisaka et al. 2010) . More recently, an sHSP gene from the bloody clam (Tegillarca granosa) was reported to be involved in the immune response against Vibrio parahaemolyticus and lipopolysaccharides (Bao et al. 2011) . A microarray analysis of the gene expression profile in the midgut of silkworms infected with cytoplasmic polyhedrosis virus revealed that a number of HSPs (including sHsp23.7) were upregulated, suggesting that these HSPs might be involved in anti-BmCPV immunity (Wu et al. 2011) . However, previous studies have focused primarily on expression analysis at the transcriptional level. In this study, several lines of evidence indicate that AccHsp27.6 might be involved in immune reactions. First, three nuclear factor-κB (NF-κB) binding sites were observed in the 5′-flanking region of AccHsp27.6. NF-κB is a ubiquitous transcription factor that plays critical roles in host defense and chronic inflammatory diseases by regulating the expression of multiple inflammatory and immune genes (Barnes 1997) . Second, the transcription of AccHsp27.6 was greatly up-or downregulated upon microbial infection. Direct evidence came from the analysis of the recombinant AccHsp27.6 protein, which showed that the protein exhibited in vitro antimicrobial activity. Therefore, it is reasonable to speculate that AccHsp27.6 could be related to the immune response of the honeybee.
In this study, we only examined microbial infections in the larvae because bacterial diseases of the honeybee larvae seriously affect the growth of the honeybee, the quality of bee products and the beekeeping industry. Moreover, larvae may have the least developed immune systems, thus requiring HSP protection and eliciting a strong response to microbial challenge. Therefore, it would have been useful to examine the effects of a honey bee-specific microbe, such as Paenebacilis larvae, which causes American Foulbrood. Further investigation is of great importance to uncover a more comprehensive picture of the functional roles and mechanisms of AccHsp27.6 in the immune response.
